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Abstract
Using the dictionary between Bondi and Fefferman-Graham gauges, we
identify the analogues of the Bondi news, Bondi mass and Bondi angular mo-
mentum aspects at the boundary of generic asymptotically locally dS4 space-
times. We introduce the Λ-BMS4 group as the residual symmetry group of
Bondi gauge after boundary gauge fixing. This group consists in infinite-
dimensional non-abelian supertranslations and superrotations and it reduces
in the asymptotically flat limit to the extended BMS4 group. Furthermore,
we present new boundary conditions for asymptotically locally AdS4 space-
times which admit R times the group of area-preserving diffeomorphisms as
the asymptotic symmetry group. The boundary conditions amount to fix 2
components of the holographic stress-tensor while allowing 2 components of
the boundary metric to fluctuate. They correspond to a deformation of a
holographic CFT3 which is coupled to a fluctuating spatial metric of fixed
area.
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1 Introduction and summary of the results
Boundary conditions are required in asymptotically flat and asymptotically anti-de
Sitter spacetimes in order to define the asymptotic symmetry group, which deter-
mines the conserved surface charges of interest such as the total energy. Several
attempts have been made to define boundary conditions at the future boundary I +
of de Sitter spacetime, including [1–3]. However, as recently emphasized in [4, 5],
that enterprise comes with a strong drawback: imposing future boundary conditions
amounts to restrict the initial data of a Cauchy slice and, therefore, of the bulk dy-
namics. Allowing generic initial data and, in particular, generic bulk gravitational
waves, therefore forbids to impose any boundary conditions at the future boundary
of de Sitter. An interesting question is then how to extend the definition of Bondi
mass, Bondi angular momentum and Bondi news in asymptotically locally de Sitter
spacetimes, see e.g. [6–20]. The approach that we will follow here is to gauge fix
the gravitational field close to future null infinity in order to isolate the structure
that generalizes the BMS4 group [21,22] and its extension [23,24] to asymptotically
locally de Sitter spacetimes. We will also use the dictionary between Bondi gauge
and Fefferman-Graham gauge [25, 26] as a guide.
It is well-known that the gravitational field is entirely determined close to the
future boundary I +dS of asymptotically locally dS4 spacetimes with Λ = 3ℓ
−2 by a
3-dimensional Euclidean boundary metric g
(0)
ab and a symmetric transverse traceless
stress-tensor T ab with respect to this boundary metric up to residual boundary
diffeomorphisms and Weyl transformations, see e.g. [25–29]. Upon further gauge
fixing to fixed boundary radial gauge g
(0)
tt = ℓ
−2, g
(0)
tA = 0 and fixed volume
√
g(0),
one can isolate the only dynamical degrees of freedom: the 2 free components of g
(0)
AB
(where A,B span the codimension 2 indices) and the symmetric transverse traceless
stress-tensor T ab. The residual gauge transformations form a group that we call
the Λ-BMS4 group. It consists of non-abelian supertranslations and superrotations
that depend upon arbitrary functions of the coordinates xA. This group exactly
reduces to the extended BMS4 group [24] in the asymptotically flat limit. This is
the first result of this paper4. Due to the new scale, the structure constants of the
BMS4 algebra are generalized and explicitly depend upon the dynamical boundary
metric g
(0)
AB. The Λ-BMS4 algebra is therefore a Lie algebroid [32–35]. When Λ 6= 0,
4The future boundary I +
dS
of dS4 is a three-sphere S
3 whose radial slicing singles out two
antipodal two-spheres: the north and south poles. If boundary conditions are imposed on these
2-spheres as done in [11, 30, 31], the Λ-BMS4 group is truncated to a subgroup. However, such
future boundary conditions also constraint the initial data and we shall not consider them here.
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the commutator of supertranslations generates superrotations which are therefore
mutually indissociable, contrary to the asymptotically flat limit.
After taking into account the counterterm subtraction [27,36–38], the symplectic
structure of Einstein gravity at future null infinity is finite and exactly reduces to
3
32πGℓ4
∫
I
+
dS
d3x
√
g(0) δJ
AB ∧ δg(0)AB (1.1)
where 3(16πGℓ)−1JAB = TAB − 1
2
gAB(0) T
C
C is the traceless part of T
AB. We propose
that the analogue of the Bondi news in asymptotically de Sitter spacetimes is the
symplectic pair (g
(0)
AB, J
AB) which determines the flux of energy leaking through
future null infinity. This is the second result of this paper. Accordingly, the quantity
CAB that appears in the asymptotic expansion of the metric at the same order as
the standard shear is determined in terms of the free data g
(0)
AB when Λ 6= 0, as
also observed in [4, 15, 17, 18, 39]. While the residual Λ-BMS4 symmetry extends
in the bulk of spacetime and therefore admits a smooth asymptotically flat limit,
the fields (g
(0)
AB, J
AB) are only defined for non-vanishing cosmological constant. We
define the Bondi mass and Bondi angular momentum aspects from the holographic
stress-tensor consistently with [8]. The evolution of Bondi mass is determined by
the pair (g
(0)
AB, J
AB). Since energy flows in the bulk of spacetime, the definition of
Bondi mass and angular momentum aspects is discontinous in the limit Λ→ 0. This
is illustrated on Figure 1.
Upon analytic continuation, asymptotically locally AdS4 spacetimes with Λ =
−3ℓ−2 are similarly determined close to spatial infinity I 0AdS by a Lorentzian bound-
ary metric g
(0)
ab and a symmetric transverse traceless stress-tensor T
ab up to residual
boundary diffeomorphisms and Weyl transformations. The analogous gauge fix-
ing consists in reaching temporal gauge g
(0)
tt = −ℓ−2, g(0)tA = 0 and a fixed volume√−g(0). This is a choice of Dirichlet boundary condition on the boundary metric.
The symplectic flux at spatial infinity I 0AdS then reduces to
3
32πGℓ4
∫
I 0
AdS
d3x
√−g(0) δJAB ∧ δg(0)AB. (1.2)
Now, consistent boundary conditions require that this flux is identically zero, consis-
tently with the dynamical evolution [40]. Dirichlet boundary conditions g
(0)
AB = q˚AB
where q˚AB is the unit metric on the sphere amount to the standard boundary con-
ditions of asymptotically AdS4 spacetimes [41] and the Λ-BMS4 group reduces to
3
I
+
dS
I +
A
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(a) Asymptotically locally dS4 case.
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(b) Asymptotically locally AdS4 case.
Figure 1: On scales r ≪ 1/|Λ|, the gravitational field can be described without the
cosmological constant. One can therefore consider approximately (general) asymptotically
flat regions of any locally asymptotically (A)dS4 spacetime. Lines of constant u (depicted
with an arrow in the positive r direction) map the respective boundary I +dS or I
0
AdS to the
future null boundary I +. The residual Λ-BMS symmetries are defined in the bulk and
admit a smooth flat limit. Since energy flows in the bulk of spacetime, there is no smooth
flat limit to I + of the Bondi news and mass defined on I +dS and I
0
AdS.
the standard SO(3, 2) group. In this paper, we show that the Neumann boundary
conditions JAB = 0 reduce the Λ-BMS4 group to the group of temporal shifts R
times the group of 2-dimensional area-preserving diffeomorphisms A. Moreover, we
show that the associated charges are finite, conserved, integrable and generically
non-vanishing. We therefore find new mixed Dirichlet-Neumann boundary condi-
tions with R ×A as asymptotic symmetry group. This is the third result of this
paper. Notably, Neumann boundary conditions for the linearized spin 2 field in
AdS4 is consistent with a unitary symplectic structure [40] which suggests that no
ghosts will be present (see also [38, 42]). In the context of holography, such Neu-
mann boundary conditions correspond to an electric-magnetic deformation of the
dual theory [43, 44]. While the Kerr-AdS black hole is not part of the phase space,
we show that other analytic stationary solutions with mass and angular momen-
tum belong to the phase space. If some of these latter solutions are regular in the
bulk of spacetime, they could bear on the cosmic censorship conjecture in vacuum
asymptotically AdS4 spacetimes [45, 46].
Let us finally comment on how our results extend part of the literature. Our
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construction extends the recent work [18] in two ways: we keep the area
√|g(0)|
arbitrary throughout our computation and we do not assume axial and reflection
symmetry (which also extends the work of [39]). We therefore provide the most
general solution to Einstein’s equations with Λ 6= 0 in Bondi gauge. Second, we
extend the dictionary between Bondi gauge and Fefferman-Graham gauge derived
in [18] in a way that preserves covariance with respect to the boundary metric. Our
derivation also provides a generalization of the three-dimensional analysis [47] to four
spacetime dimensions, and a generalization of the four-dimensional asymptotically
flat analyses [21–23,34, 48–50] in the presence of a cosmological constant.
2 Bondi gauge in (A)dS4
In the following we derive the general solution space of Einstein gravity coupled to
a cosmological constant Λ of either sign in Bondi gauge. We contrast this solution
space with the asymptotically flat case Λ = 0.
2.1 Bondi gauge and residual transformations
The Bondi gauge in 3 + 1 dimensions can be defined in the spacetime coordinates
(u, r, xA), where u labels null hypersurfaces, r is the affine parameter along the
generating null geodesics and xA = (θ, φ) are transverse angular coordinates. The
general ansatz for the metric is given by
ds2 = e2β
V
r
du2 − 2e2βdudr + gAB(dxA − UAdu)(dxB − UBdu) (2.1)
where β, UA, gAB and V are arbitrary functions of the coordinates. The 2-dimensional
metric gAB satisfies the determinant condition
∂r
(
det(gAB)
r4
)
= 0⇔ det(gAB) = r4χ(u, xA), (2.2)
where χ(u, xA) is not fixed. Any metric can be written in this gauge. For example,
global (A)dS4 is obtained by choosing β = 0, U
A = 0, V/r = (Λr2/3) − 1, gAB =
r2q˚AB, where q˚AB is the unit round-sphere metric.
Infinitesimal diffeomorphisms preserving Bondi gauge are generated by vector
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fields ξµ satisfying
Lξgrr = 0, LξgrA = 0, g
ABLξgAB = 4ω(u, x
A). (2.3)
The prefactor of 4 is introduced for convenience. The last condition is a consequence
of the determinant condition (2.2). Indeed,
gABLξgAB = Lξ[ln det(gAB)]
(2.2)
=
4
r
ξr + χ−1Lξχ. (2.4)
Since χ is an arbitrary function of (u, xA), we demand that the right-hand side be
a generic function of (u, xA). From (2.3), we deduce
ξu = f,
ξA = Y A + IA, IA = −∂Bf
∫ ∞
r
dr′(e2βgAB),
ξr = −r
2
(DAY
A − 2ω +DAIA − ∂BfUB + 1
2
fg−1∂ug),
(2.5)
where ∂rf = 0 = ∂rY
A, and g = det(gAB). The covariant derivative DA is asso-
ciated with the 2-dimensional metric gAB. The residual gauge transformations are
parametrized by the 4 functions ω, f and Y A of (u, xA).
2.2 Procedure to resolve Einstein’s equations
We solve Einstein’s equations Gµν + Λgµν = 0 for pure gravity in Bondi gauge. We
follow the integration scheme and the notations of [34]. In particular, we use the
Christoffel symbols that have been derived in this reference.
2.2.1 Minimal fall-off requirements
We impose the fall-off condition gAB = O(r
2). We assume an analytic expansion for
gAB, namely
gAB = r
2 qAB + r CAB +DAB +
1
r
EAB +
1
r2
FAB +O(r
−3) (2.6)
where each term involves a symmetric tensor whose components are arbitrary func-
tions of (u, xC). For Λ 6= 0, the Fefferman-Graham theorem [25–29] together with
the map between Fefferman-Graham gauge and Bondi gauge derived in Appendix
6
B ensures that the expansion (2.6) leads to the most general solution to the vacuum
Einstein equations. For Λ = 0, the analytic expansion (2.6) is an hypothesis since
additional logarithmic branches might occur.
This fall-off condition does not impose any constraint on the generators of resid-
ual diffeomorphisms (2.5). In the following, upper case Latin indices will be lowered
and raised by the 2-dimensional metric qAB and its inverse. The gauge condition
(2.2) imposes successively that χ = det(qAB), q
ABCAB = 0 and
DAB =
1
4
qABC
CDCCD +DAB(u, x
C),
EAB =
1
2
qABDCDC
CD + EAB(u, x
C),
FAB =
1
2
qAB
[
CCDECD +
1
2
DCDDCD − 1
32
(CCDCCD)
2
]
+FAB(u, x
C),
(2.7)
with qABDAB = q
ABEAB = q
ABFAB = 0.
2.2.2 Organization of Einstein’s equations
We organize the equations of motion as follows. First, we solve the equations that
do not involve the cosmological constant. The radial constraint Grr = Rrr = 0 fixes
the r-dependence of β, since the cross-term constraint GrA = RrA = 0 fixes the
r-dependence of UA.
Next, we treat the equations that do depend upon Λ. The equation Gur+Λgur =
0 determines the r-dependence of V/r in terms of the previous variables. Noticing
that R = gµνRµν = 2g
urRur + g
rrRrr +2g
rARrA+ g
ABRAB, and taking into account
the previous equations, one gets Gur+Λgur = Rur+
1
2
gurR+Λgur =
1
2
gurg
ABRAB = 0
so that we can solve equivalently gABRAB = 0.
Next, we concentrate on the pure angular equation, GAB +ΛgAB = 0, which can
be splitted into a tracefree part
GAB − 1
2
gAB g
CDGCD = 0 (2.8)
and a pure-trace part
gCDGCD + 2Λ = 0. (2.9)
Consider Bianchi’s identities ∇µGµν = 0 which can be rewritten as
2
√−g∇µGµν = 2∂µ(
√−gGµν)−
√−gGµλ∂νgµλ = 0. (2.10)
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We are interested in vacuum solutions for which gµνGµν = −4Λ so ∇ν(gµλGµλ) = 0.
Hence
2∂µ(
√−gGµν) +
√−gGµλ∂νgµλ = 0. (2.11)
Taking ν = r and noting that Grα + Λgrα = 0 have already been solved, one gets
GAB∂rg
AB =
4Λ
r
. (2.12)
Assuming that (2.8) holds, and recalling that the determinant condition implies that
gAB∂rgAB = 4/r, we see that (2.12) is equivalent to (2.9). As a consequence, the
equation GAB + ΛgAB = 0 is completely obeyed if (2.8) is solved. Another way to
see this is as follows. Assuming that Grα + Λgrα = 0 holds, (2.8) is equivalent to
(MTF)AB ≡MAB −
1
2
δABM
C
C = 0, M
A
B ≡ gACRCB, (2.13)
since the trace part of MAB has already been set to zero in order to fix the radial
dependence of V/r.
At this stage, Einstein’s equations (r, r), (r, A), (r, u) and (A,B) have been
solved. It remains to solve the (u, u) and (u,A) components. Doing so we will derive
the evolution equations for the Bondi mass and angular momentum aspects, see
Section 2.5 below. Expressing the A component of the contracted Bianchi identities
(2.10) yields
∂r
[
r2
(
GuA + ΛguA
)]
= ∂r
[
r2
(
RuA − ΛguA
)]
= 0. (2.14)
This equation means that if r2(GuA+ΛguA) = 0 for a fixed value of r, it will vanish
for any r. As a result, solving the r-independent part of r2(RuA − ΛguA) suffices to
solve the whole equation. This will determine the evolution of the Bondi angular
momentum aspect, denoted by N
(Λ)
A (u, x
B). Assuming that GuA + ΛguA = 0 is
solved, the last Bianchi identity (2.10) for ν = u becomes
∂r
[
r2
(
Guu + Λguu
)]
= ∂r
[
r2
(
Ruu − Λguu
)]
= 0, (2.15)
and the reasoning is similar. We will solve the r-independent part of r2(Ruu−Λguu),
which will uncover the equation governing the time evolution of the Bondi mass
aspect M (Λ)(u, xA).
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2.3 Solution to the algebraic equations
We define several auxiliary fields as in [34]. Starting from (2.6), we can build kAB =
1
2
∂rgAB, lAB =
1
2
∂ugAB, and nA =
1
2
e−2βgAB∂rU
B. The determinant condition (2.2)
allows us to split the tensors kAB and lAB in leading trace-full parts and subleading
trace-free parts as
kAB ≡ gACkBC =
1
r
δAB +
1
r2
KAB , K
A
A = 0,
lAB ≡ gAC lBC =
1
2
qAC∂uqBC +
1
r
LAB, L
A
A = 0.
(2.16)
Note that
l = lAA =
1
2
qAB∂uqAB = ∂u ln
√
q. (2.17)
Let us start by solving Rrr = 0 which leads to
∂rβ = − 1
2r
+
r
4
kABk
B
A =
1
4r3
KABK
B
A . (2.18)
Expanding KAB in powers of 1/r, we get
β(u, r, xA) = β0(u, x
A) +
1
r2
[
− 1
32
CABCAB
]
+
1
r3
[
− 1
12
CABDAB
]
(2.19)
+
1
r4
[
− 3
32
CABEAB − 1
16
DABDAB +
1
128
(CABCAB)
2
]
+O(r−5).
Up to the “integration constant” β0(u, x
A), the condition (2.6) uniquely determines
β. In particular, the 1/r order is always zero on-shell. This equation also holds for
Λ = 0 but standard asymptotic flatness conditions set β0 = 0. We shall keep it
arbitrary here.
Next, we develop RrA = 0, which gives
∂r(r
2nA) = r
2
(
∂r − 2
r
)
∂Aβ −DBKBA . (2.20)
We now expand the transverse covariant derivative DA
ΓBAC [gAB] = Γ
B
AC [qAB] +
1
r
[1
2
(DAC
B
C +DCC
B
A −DBCAC)
]
+O(r−2), (2.21)
in terms of the transverse covariant derivative DA defined with respect to the leading
9
transverse metric qAB. This implies in particular that
DBK
B
A = −
1
2
DBCAB +
1
r
[
−DBDAB + 1
8
∂A(CBCC
BC)
]
+O(r−2). (2.22)
Using explicitly (2.19), we find
nA = −∂Aβ0 + 1
r
[1
2
DBCAB
]
+
1
r2
[
ln r DBDAB +NA
]
+ o(r−2) (2.23)
where NA is a second “integration constant” (i.e. ∂rNA = 0), which corresponds to
the Bondi angular momentum aspect in the asymptotically flat case. After reverse
engineering the definition of nA, integrating one time further on r and raising the
index A, we end up with
UA = UA0 (u, x
B) +
(1)
UA(u, xB)
1
r
+
(2)
UA(u, xB)
1
r2
+
(3)
UA(u, xB)
1
r3
+
(L3)
UA(u, xB)
ln r
r3
+ o(r−3)
(2.24)
with
(1)
UA(u, xB) = 2e2β0∂Aβ0,
(2)
UA(u, xB) = −e2β0
[
CAB∂Bβ0 +
1
2
DBC
AB
]
,
(3)
UA(u, xB) = −2
3
e2β0
[
NA − 1
2
CABDCCBC + (∂Bβ0 − 1
3
DB)D
AB − 3
16
CCDC
CD∂Aβ0
]
,
(L3)
UA(u, xB) = −2
3
e2β0DBD
AB, (2.25)
where UA0 (u, x
B) is a new “integration constant”. Again, this equation also holds
if Λ is absent, but standard asymptotic flatness sets this additional parameter to
zero. As known in stanrd flat case analysis, the presence of DAB is responsible of
logarithmic terms in the expansion of UA. We will shortly derive that for Λ 6= 0,
DAB vanishes on-shell.
Given that
MAB = e
−2β
[
(∂r +
2
r
)(lAB + k
A
B
V
r
+
1
2
DBU
A +
1
2
DAUB)
+ kACDBU
C − kCBDCUA + (∂u + l)kAB +DC(UCkAB)
]
+RAB[gCD]− 2(DB∂Aβ + ∂Aβ∂Bβ + nAnB),
(2.26)
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we extract the r-dependence of V/r thanks to MAA = 0, which reads as
∂rV =− 2r(l +DAUA)+
e2βr2
[
DAD
Aβ + (nA − ∂Aβ)(nA − ∂Aβ)−DAnA − 1
2
R[gAB] + Λ
]
.
(2.27)
Taking into account (2.6), (2.19) and (2.24), we get after integration on r
V
r
=
Λ
3
e2β0r2 − r(l +DAUA0 ) (2.28)
− e2β0
[1
2
(
R[q] +
Λ
8
CABC
AB
)
+ 2DA∂
Aβ0 + 4∂Aβ0∂
Aβ0
]
− 2M
r
+ o(r−1)
where M(u, xA) is an “integration constant” which, in flat asymptotics, is recognized
as the Bondi mass aspect.
Afterwards, we solve (2.13) order by order, which provides us the constraints im-
posed on each independent order of gAB. The leading O(r
−1) order of that equation
yields
Λ
3
CAB = e
−2β0
[
(∂u − l)qAB + 2D(AU0B) −DCU0CqAB
]
. (2.29)
This result shows that there is a discrete bifurcation between the asymptotically flat
case and the case Λ 6= 0. Indeed, when Λ = 0, the left-hand-side vanishes, which
leads to a constraint on the time-dependence of qAB. As a consequence, the field qAB
is constrained while CAB is completely free and interpreted as the shear. For (A)dS4
asymptotics, CAB is entirely determined by qAB and U
A
0 , while the boundary metric
qAB = qAB(u, x
A) is left completely undetermined by the equations of motion. This
is consistent with previous analyses [4, 15, 17, 18, 39].
Going to O(r−2), we get
Λ
3
DAB = 0, (2.30)
which removes the logarithmic term in (2.24) for Λ 6= 0, but not for Λ = 0. The
condition at next O(r−3) order
∂uDAB + U
C
0 DCDAB + 2DC(ADB)U
C
0 = 0, (2.31)
is thus trivial for Λ 6= 0, but reduces to ∂uDAB = 0 in the flat limit, consistently
with previous results.
We now make the following observation, already noticed in [18]. If we decompose
gAB = r
2
∑
n≥0 g
(n)
ABr
−n, we see that the iterative solution of (2.13) organizes itself
11
as Λg
(n)
AB = ∂ug
(n−1)
AB + (...) at order O(r
−n), n ∈ N0. Accordingly, the form of EAB
should have been fixed by the equation found at O(r−3), but it is not the case, since
both contributions of EAB cancel between GAB and ΛgAB. Moreover, the equation
Λg
(4)
AB = ∂ug
(3)
AB + (...) at next order turns out to be a constraint for g
(4)
AB ∼ FAB,
determined with other subleading data such as CAB or ∂ug
(3)
AB ∼ ∂uEAB. It shows
that EAB is a set of two free data on the boundary, built up from two arbitrary
functions of (u, xA). It shows moreover that there is no more data to be uncovered
for Λ 6= 0. This matches with the order of the free data of the solution space in
Fefferman-Graham gauge, which is not an accident as we will show in Section 3.2.
As a conclusion, Einstein’s equations (r, r), (r, A), (r, u) and (A,B) can be solved
iteratively in the asymptotic expansion for Λ 6= 0. We identified 11 independent
functions {β0(u, xA), UA0 (u, xB), qAB(u, xC), M(u, xC), NA(u, xC), EAB(u, xC)} that
determine the asymptotic solution. We will see in Section 2.5 that the remaining
equations are equivalent to evolution equations for M(u, xA) and NA(u, x
B). This
contrasts with the asymptotically flat case Λ = 0 where an infinite series of functions
appear in the radial expansion, see e.g. [34].
2.4 Boundary gauge fixing
In this section, we will simplify our analysis by imposing a (codimension one) bound-
ary gauge fixing. Let us consider the pullback of the most general Bondi metric
satisfying (2.6) to the boundary I ≡ {r →∞},
ds2
∣∣
I
=
[Λ
3
e4β0 + UA0 U
0
A
]
du2 − 2U0AdudxA + qABdxAdxB. (2.32)
We will use the boundary gauge freedom to reach the gauge
β0 = 0, U
A
0 = 0,
√
q =
√
q¯ (2.33)
where
√
q¯ is a fixed area of the 2-dimensional transverse space spanned by xA. This
gauge is a temporal boundary gauge for Λ < 0, a radial boundary gauge for Λ > 0
and a null boundary gauge for Λ = 0 with gur = −1 +O(r−1) in (2.1).
Intuitively, this amounts to use the gauge freedom at the boundary I , to elim-
inate three pure-gauge degrees of freedom thanks to a diffeomorphism defined in-
trinsically on I and lifted to the bulk in order to preserve Bondi gauge. Such a
transformation also involves a Weyl rescaling of the boundary metric, as can be seen
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from (2.5), which consists in a redefinition of the luminosity distance r by an arbi-
trary factor depending on (u, xA). We can use this Weyl rescaling to gauge-fix one
further quantity in the boundary metric, namely the area of the transverse space.
Let us now provide the details.
Computing the Lie derivative on the Bondi metric on-shell and retaining only
the leading O(r2) terms, we get the transformation laws of the boundary fields qAB,
β0 and U
A
0 under the set of residual gauge transformations (2.5):
δξqAB = f(∂u − l)qAB + (LY −DCY C + 2ω)qAB
− 2(U0(A∂B)f −
1
2
qABU
C
0 ∂Cf), (2.34)
δξβ0 = (f∂u +LY )β0 +
1
2
[
∂u − 1
2
l +
3
2
UA0 ∂A
]
f − 1
4
(DAY
A − 2ω), (2.35)
δξU
A
0 = (f∂u +LY )U
A
0 −
[
∂uY
A − 1
ℓ2
e4β0qAB∂Bf
]
+ UA0 (∂uf + U
B
0 ∂Bf). (2.36)
The first equation implies implies that qABδξqAB = 4ω. We can therefore adjust
the Weyl generator ω in order to reach the gauge
√
q =
√
q¯. The form of the
infinitesimal transformations (2.35)-(2.36) involves ∂uf and ∂uY
A. This ensures
that a finite gauge transformation labelled by f, Y A can be found by integration
over u in order to reach β0 = 0, U
A
0 = 0, at least in a local patch. As a result, the
conditions (2.33) can be reached by gauge fixing, at least locally. The vanishing of
the inhomogeneous contributions in the transformation laws (2.35)-(2.36) constraints
parameters f, Y A and reduces the set of allowed vectors among (2.5). The remaining
residual transformations will be studied in Section 4.
2.5 Constraint equations as Bondi evolution equations
Assuming the gauge fixing conditions (2.33), we are now ready to present the evolu-
tion equations that follow from the remaining Einstein equations. We will moreover
suppose that DAB = 0 in the case Λ = 0 in order to simplify our computation. As
justified before, the O(r0) part of r2(RuA−ΛguA) = 0 will fix the temporal evolution
of NA. From the Christoffel symbols, we can develop the first term as
RuA =− (∂u − l)∂Aβ − ∂Al − (∂u + l)nA (2.37)
+ nBD
BUA − ∂BβDAUB + 2UB(∂Aβ∂Bβ + nAnB)
+DB
[
lBA +
1
2
(DBUA −DAUB) + UB(∂Aβ − nA)
]
+ 2nBl
B
A
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− 1
2
(∂r + 2∂rβ +
2
r
)∂A
V
r
− V
r
(∂r +
2
r
)nA + k
B
A(∂B
V
r
+ 2
V
r
nB)
− e−2β(∂r + 2
r
)
[
UB(lAB +
V
r
kAB +D(AUB))
]
− e−2βUB
[
(∂u + l)kAB − 4lC(AkB)C − 2kCAkBC
V
r
+DC(kABU
C)− 2kC(ADCUB)
]
.
Let us emphasize that the r-dependence of the fields is not yet explicit in this
expression, so the upper case Latin indices are lowered are raised by the full metric
gAB and its inverse. Expanding all the fields in power series of 1/r in RuA and ΛguA
and selecting the 1/r2 terms yields
(∂u + l)N
(Λ)
A − ∂AM (Λ) −
Λ
2
DBJAB = 0. (2.38)
Here, we defined with hindsight the Bondi mass and angular momentum aspects for
Λ 6= 0 as
M (Λ) = M +
1
16
(∂u + l)(CCDC
CD), (2.39)
N
(Λ)
A = NA −
3
2Λ
DB(NAB − 1
2
lCAB)− 3
4
∂A(
1
Λ
R[q]− 3
8
CCDC
CD), (2.40)
and the traceless symmetric tensor JAB (q
ABJAB = 0) as
JAB =− EAB − 3
Λ2
[
∂u(NAB − 1
2
lCAB)− Λ
2
qABC
CD(NCD − 1
2
lCCD)
]
+
3
Λ2
(DADBl − 1
2
qABDCD
C l)
− 1
Λ
(D(AD
CCB)C − 1
2
qABD
CDDCCD)
+ CAB
[ 5
16
CCDC
CD +
1
2Λ
R[q]
]
. (2.41)
We used the notationNAB ≡ ∂uCAB. This tensor is symmetric and obeys qABNAB =
Λ
3
CABCAB. When Λ = 0, NAB is thus traceless and represents the Bondi news tensor.
We will justify the definitions of Bondi mass and angular momentum aspects in
Section 3.2. Note that ∂uqAB has been eliminated using (2.29). The transformations
of these fields under the residual gauge symmetries ξ preserving Bondi gauge (2.1)
and boundary gauge (2.33) are given by
δξM
(Λ) = [f∂u +LY +
3
2
(DAY
A + fl − 2ω)]M (Λ) − Λ
3
N
(Λ)
A ∂
Af, (2.42)
δξN
(Λ)
A = [f∂u +LY +DBY
B + fl − 2ω]N (Λ)A + 3M (Λ)∂Af +
Λ
2
JAB∂
Bf, (2.43)
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δξJAB = [f∂u +LY +
1
2
(DCY
C + fl − 2ω)]JAB
− 4
3
(N
(Λ)
(A ∂B)f −
1
2
N
(Λ)
C ∂
CfqAB). (2.44)
The asymptotically flat limit is not trivial in the presentation (2.38) due to terms
∼ Λ−1 above which we collect here:
− 3
2Λ
[
(∂u + l)D
B(∂uCAB − 1
2
lCAB)−DB∂u(∂uCAB − 1
2
lCAB)
+
1
2
(∂u + l)∂AR[q] +D
B(DADBl − 1
2
DCD
C lqAB)
]
.
(2.45)
There are two subtle steps here needed in order to massage the evolution equation
before taking the limit Λ→ 0. First, we need to develop the remaining u-derivatives
acting on covariant derivatives and taking the constraint (2.29) into account, to spoil
out hidden Λ factors. Next, we can extract the trace of NAB, which also contains a
residual contribution ∼ Λ. We end up with
(2.45) =
1
2
DC(N
TF
ABC
BC) +
1
4
NTFBCDAC
BC − 1
4
DADBDCC
BC
+
1
8
CBCC
C
B∂Al −
3
16
l∂A(C
B
CC
C
B )
(2.46)
where NTFAB denotes the tracefree part of NAB. The following identities turn out to
be useful for the computation:
(∂u + l)H
AB = qAC∂uHCDq
BD − lHAB − 2Λ
3
CC(AQ
B)
C ,
(∂u + l)(D
BHAB) = D
B∂uHAB − 1
2
qCDHCD∂Al
− Λ
3
[
DC(HABC
BC) +
1
2
HBCDACBC
]
,
(∂u + l)C
ABCAB = 2N
ABCAB − lCABCAB,
(∂u + l)∂AR[q] = −(DBDB + 1
2
R[q])∂Al +
Λ
3
DADBDCC
BC
(2.47)
whereHAB(u, x
C) is any symmetric rank 2 transverse tensor. We note thatNTFABC
BC+
CABN
BC
TF = δ
C
ACBDN
BD
TF , thanks to which the first term of (2.46) can be rewritten
as
1
2
DC(N
TF
ABC
BC) =
1
4
DB(N
TF
ACC
BC − CACNBCTF ) +
1
4
∂A(CBDN
BD
TF ). (2.48)
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We can now present (2.38) in a fashion where any Λ is explicit:
(∂u + l)NA − ∂AM − 1
4
CAB∂
BR[q]− 1
16
∂A(N
TF
BCC
BC) (2.49)
− 1
32
l∂A(CBCC
BC) +
1
4
NTFBCDAC
BC +
1
4
DB(C
BCNTFAC −NBCTF CAC)
+
1
4
DB(D
BDCCAC −DADCCBC) + Λ
2
DB(EAB − 7
96
CCDC
D
CCAB) = 0.
As a result, the asymptotically flat limit can be safely taken and (2.49) reduces to
(∂u + l)NA − ∂AM − 1
4
CAB∂
BR[q]− 1
16
∂A(NBCC
BC)
− 1
32
l∂A(CBCC
BC) +
1
4
NBCDAC
BC +
1
4
DB(C
BCNAC −NBCCAC)
+
1
4
DB(D
BDCCAC −DADCCBC) = 0, (2.50)
which totally agrees with (4.49) of [34] after a change of conventions5. Note that
NAB = N
TF
AB when Λ = 0.
Let us now derive the temporal evolution of M , encoded in the r-independent
part of r2(Ruu − Λguu) = 0. The first term is worked out to be
Ruu = (∂u + 2∂uβ + l)Γ
u
uu + (∂r + 2∂rβ +
2
r
)Γruu + (DA + 2∂Aβ)Γ
A
uu
− 2∂2uβ − ∂ul − (Γuuu)2 − 2ΓuuAΓAuu − (Γrur)2 − 2ΓruAΓAur − ΓAuBΓBuA
(2.51)
where all Christoffel symbols can be found in page 26 of [34]. We finally get
(∂u +
3
2
l)M (Λ) +
Λ
6
DAN
(Λ)
A +
Λ2
24
CABJ
AB = 0. (2.52)
Here, the asymptotically flat limit is straightforward and gives
(∂u +
3
2
l)M +
1
8
NABN
AB − 1
8
lNABC
AB +
1
32
l2CABC
AB − 1
8
DAD
AR[q]
−1
4
DADBN
AB +
1
4
CABDADBl +
1
4
∂(AlDB)C
AB +
1
8
lDADBC
AB = 0,
(2.53)
in agreement with (4.50) of [34]. As a conclusion, in Bondi gauge (2.1) with fall-off
condition (2.6) and boundary gauge fixing (2.33), the general solution to Einstein’s
equations is entirely determined by the 7 free functions of (u, xA) for the case Λ 6= 0:
5The Bondi news tensor is defined in [34] as N there
AB
= ∂uCAB − lCAB while we define NhereAB =
∂uCAB .
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qAB with fixed area
√
q¯, M , NA and JAB where M and NA are constrained by the
evolution equations (2.52) and (2.38). This contrasts with the asymptotically flat
case Λ = 0 where an infinite series of functions appearing in the radial expansion of
gAB have to be specified in order to parametrize the solution, see e.g. [34].
3 Bondi news and Bondi mass in (A)dS4
In asymptotically flat spacetimes with a fixed unit boundary metric on the sphere
qAB = q˚AB, the symplectic flux ω
r at future null infinity I + is given by
ωr =
1
32πG
∫
I +
dud2Ω
√
q¯ δNAB ∧ δCAB (3.1)
where NAB = ∂uCAB is the Bondi news and CAB is the shear. For the equivalent
expression in more general asymptotically flat spacetimes, see [50]. This symplectic
flux identifies the time dependence of CAB as the cause of energy flux leaking through
future null infinity. In order to understand the analogue of Bondi news at the future
of de Sitter spacetime, we will derive the analogue of the symplectic flux (3.1) when
Λ 6= 0. We will proceed by mapping quantities in Bondi gauge with Fefferman-
Graham gauge where the algebra and interpretation is clearer. It will also lead to the
identification of the Bondi mass and angular momentum aspects. Our construction
extends earlier results obtained in [18]. We assume Λ 6= 0 though this entire section.
3.1 Gravity in Fefferman-Graham gauge
Fefferman-Graham coordinates are Gaussian normal coordinates centered at the
boundary of asymptotically locally (A)dS4 spacetimes [25–29]. We denote as ρ the
expansion coordinate (with dimension inverse length) and xa the other coordinates.
We set the boundary I (spatial infinity for Λ < 0 and either future or past timelike
infinity for Λ > 0) at ρ = 0. For Λ < 0, ρ is spacelike while for Λ > 0, ρ is timelike.
The metric is given by
ds2 = − 3
Λ
dρ2
ρ2
+ γab(ρ, x
c)dxadxb. (3.2)
The infinitesimal diffeomorphisms preserving Fefferman-Graham gauge are gen-
erated by vector fields ξµ satisfying Lξgρρ = 0, Lξgρa = 0. The first condition leads
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to the equation ∂ρξ
ρ = 1
ρ
ξρ, which can be solved for ξρ as
ξρ = σ(xa)ρ. (3.3)
The second condition leads to the equation ρ2γab∂ρξ
b − 3
Λ
∂aξ
ρ = 0, which can be
solved for ξa as
ξa = ξa0(x
b) +
3
Λ
∂bσ
∫ ρ
0
dρ′
ρ′
γab(ρ′, xc). (3.4)
Assuming γab = O(ρ
−2), the general asymptotic expansion that solves Einstein’s
equations is analytic,
γab =
1
ρ2
g
(0)
ab +
1
ρ
g
(1)
ab + g
(2)
ab + ρ g
(3)
ab +O(ρ
2) (3.5)
where g
(i)
ab are arbitrary functions of x
a = (t, xA). We take the convention that t has
the dimension of length and xA are dimensionless. Note that t is spacelike for Λ > 0.
Following the standard holographic dictionary, we call g
(0)
ab the boundary metric and
Tab =
√
3|Λ|
16πG
g
(3)
ab (3.6)
the energy-momentum tensor. Einstein’s equations fix g
(1)
ab = 0 and g
(2)
ab in terms of
g
(0)
ab while all subleading terms in (3.5) are determined in terms of the free data g
(0)
ab
and Tab satisfying
D(0)a T
ab = 0, g
(0)
ab T
ab = 0. (3.7)
Here D
(0)
a is the covariant derivative with respect to g
(0)
ab and indices are raised with
the inverse metric gab(0). The variation of the free data under the residual gauge
transformations is given by
δξg
(0)
ab = Lξc0g
(0)
ab − 2σ g(0)ab , (3.8)
δξTab = Lξc
0
Tab + σ Tab. (3.9)
3.2 Dictionary between Fefferman-Graham and Bondi gauges
In Appendix B, we establish a coordinate transformation between Fefferman-Graham
an Bondi gauges, which extends the procedure used in [18] to a generic boundary
metric. The boundary metric in Fefferman-Graham gauge is related to the functions
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in Bondi gauge through
g
(0)
tt =
Λ
3
e4β0 + UC0 U
0
C , g
(0)
tA = −U0A, g(0)AB = qAB, (3.10)
where all functions on the right-hand sides are now evaluated as functions of (t, xA).
The parameters {σ, ξt0, ξA0 } of the residual gauge diffeomorphisms in the Fefferman-
Graham gauge (3.3) and (3.4) can be related to those of the Bondi gauge appearing
in (2.5) through
ξt0 = f,
ξA0 = Y
A,
σ =
1
2
(DAY
A + fl − 2ω),
(3.11)
where all functions on the right-hand sides are also evaluated as functions of (t, xA).
The boundary gauge fixing (2.33) described in Section 2.4 can now be understood
as a gauge fixation of the boundary metric to
g
(0)
tt =
Λ
3
, g
(0)
tA = 0, det(g(0)) =
Λ
3
q¯. (3.12)
For Λ < 0 (resp. Λ > 0), this is exactly the temporal (resp. radial) gauge for the
boundary metric, with a fixed area form for the 2-dimensional transverse space.
Let us explicit the constraint equations (3.7) after boundary gauge fixing. First,
the tracelessness condition determines the trace of TAB to be
qABTAB = − 3
Λ
Ttt. (3.13)
We define T TFAB as the tracefree part of TAB, i.e. TAB = T
TF
AB − 32ΛTttqAB. The
conservation equation D
(0)
a T ab = 0 reads as
(∂t +
3
2
l)Ttt +
Λ
3
DATtA − Λ
6
∂tqABT
AB
TF = 0,
(∂t + l)TtA − 1
2
∂ATtt +
Λ
3
DBT TFAB = 0.
(3.14)
Pursuing the change of coordinates to Fefferman-Graham gauge up to fourth order
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in ρ, it can be shown that the stress tensor is given, in terms of Bondi variables, by
Tab =
√
3|Λ|
16πG

 −
4
3
M (Λ) −2
3
N
(Λ)
B
−2
3
N
(Λ)
A JAB +
2
Λ
M (Λ)qAB

 , (3.15)
where M (Λ)(t, xA) and N
(Λ)
A (t, x
B) are the boundary fields defined as (2.39)-(2.40)
and JAB is precisely the tensor (2.41), all evaluated as functions of t instead of u.
The equations of motion (3.14) are in fact equivalent to (2.52) and (2.38) after using
the dictionary (3.15) and solving ∂tqAB in terms of CAB using (2.29). Morever,
we checked that the transformation laws (2.42)-(2.44) are equivalent to (3.9). We
therefore identified the Bondi mass aspect M (Λ) and the Bondi angular momentum
aspect N
(Λ)
A as the components Ttt and TtA of the holographic stress-tensor, up to a
normalization constant.
We recall that for standard asymptotically flat spacetimes with a u-independent
boundary area form
√
q¯, the Bondi mass is given by
∫
d2Ω
√
q¯ M and it obeys the
Bondi mass loss formula
∂u
∫
d2Ω
√
q¯ M = −1
8
∫
d2Ω
√
q¯ NABN
AB ≤ 0, (3.16)
consistently with (2.53) after using l = 0. The integrations are performed on a
transverse 2-surface at I . The definition of Bondi mass for Λ 6= 0 is instead∫
d2Ω
√
q¯ M (Λ) and it evolves as
∂u
∫
d2Ω
√
q¯ M (Λ) = −Λ
2
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∫
d2Ω
√
q¯ CABJ
AB = −Λ
8
∫
d2Ω
√
q¯ ∂uqABJ
AB, (3.17)
after using (2.29). The right-hand side is not manifestly non-positive. It remains an
important problem to investigate whether the Bondi mass decreases with u.
3.3 Symplectic flux at the boundary of (A)dS4
The renormalized action for General Relativity in asymptotically locally (A)dS4
spacetimes is given by
S =
1
16πG
∫
M
d4x
√−g (R[g]− 2Λ) + 1
16πG
∫
I
d3x
√
|γ| (2K + 4
ℓ
− ℓR[γ]). (3.18)
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Here, gµν denotes the bulk metric on the spacetime M , γab the induced metric
at the boundary I defined in (3.2) and K the trace of its intrinsic curvature.
The bulk term is the normalized Einstein-Hilbert action. The second term is a
boundary counterterm that is required in order to have a well-defined variational
principle [36, 37, 51].
The variational principle uniquely determines the symplectic structure. The
symplectic form is given by [38]
ω = ωEH [δg, δg; g]− dωEH[δγ, δγ; γ] (3.19)
where ωEH is the Lee-Wald symplectic structure of the normalized Einstein-Hilbert
action [52, 53] for, respectively, the bulk metric gµν and the boundary metric γab.
The symplectic form (3.19) is finite thanks to the counterterm subtraction. The
symplectic flux is defined as the finite ρ component of ω,
ωρ =
1
2ℓ2
∫
I
d3x δ
(√
|g(0)|T ab
)
∧ δg(0)ab . (3.20)
After imposing the boundary gauge fixing (3.12), this expression reduces to
ωρ =
3
32πGℓ4
∫
I
d3x
√
q¯ δJAB ∧ δqAB. (3.21)
This shows that the information on gravitational energy fluxes passing through I
is entirely contained in the couple (JAB, qAB). We will therefore call this couple of
functions the news for asymptotically locally (A)dS4 spacetimes. The expression
(3.21) is the analogue in asymptotically locally (A)dS4 spacetimes of the asymptot-
ically flat expression (3.1). The role of Bondi news and shear (NAB, CAB) is now
played by (JAB, qAB). Note that while NAB = ∂uCAB, there is no such relation-
ship between JAB and qAB in asymptotically locally dS4 spacetimes since otherwise
the Cauchy data would be constrained. In asymptotically locally AdS4 spacetimes,
the existence of a symplectic flux (3.21) at spatial infinity shows that the dynamics
needs to be completed with a boundary condition on (JAB, qAB). We will discuss
the choice of this boundary condition in Section 5.
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4 The Λ-BMS4 algebra
After considering either Bondi or Fefferman-Graham gauge, and imposing the bound-
ary gauge fixing conditions, respectively (2.33) or (3.12), the residual gauge transfor-
mations reduce to a set of transformations labelled by three independent functions
of the 2-dimensional coordinates xA, as we will now show.
The derivation can be performed in either Bondi or Fefferman-Graham gauge.
We write it in Bondi gauge. We start from (2.5) and impose (2.33). Using (2.34)-
(2.35)-(2.36), the condition δξ
√
q = 0 leads to
ω = 0. (4.1)
The condition δξβ0 = 0 leads to
(
∂u − 1
2
l
)
f =
1
2
DAY
A, (4.2)
while δξU
A
0 = 0 gives
∂uY
A = −Λ
3
∂Af. (4.3)
The solution to (4.2)-(4.3) admits three integration constants T (xA), V A(xB), though
the coupled partial differential equations cannot be solved explicitly for an arbitrary
transverse metric qAB in terms of these functions. In the Fefferman-Graham nota-
tion, the equations (4.1)-(4.2)-(4.3) are equivalent to
σ =
1
2
(D
(0)
A ξ
A
0 + fl), (4.4)(
∂t − 1
2
l
)
ξt0 =
1
2
D
(0)
A ξ
A
0 , ∂tξ
A
0 = −
Λ
3
gAB(0) ∂Bξ
t
(0). (4.5)
The asymptotic Killing vectors induce an action on I generated by the pull-back
of ξ at the boundary, ξ¯ = f∂u + Y
A∂A. These generators satisfy the algebra
[ξ¯1, ξ¯2] =
ˆ¯ξ, (4.6)
where ˆ¯ξ = fˆ∂u + Yˆ
A∂A with
fˆ = Y A1 ∂Af2 +
1
2
f1DAY
A
2 − (1↔ 2), (4.7)
Yˆ A = Y B1 ∂BY
A
2 −
Λ
3
f1q
AB∂Bf2 − (1↔ 2). (4.8)
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We call the vectors generated by T (xA) and V A(xB) the supertranslation and su-
perrotation generators, respectively. In the asymptotically flat limit Λ = 0 and for
time-independent transverse metric qAB = qAB(x
C), the functions Y A, f reduce to
Y A = V A(xB), f = T (xA) + u
2
DAV
A and the structure constants reduce to the
ones of the extended BMS4 algebra [24]. For Λ 6= 0, supertranslations do not com-
mute and the structure constants depend explicitly on qAB. We therefore find the
structure of a Lie algebroid [32–35]. We call it the Λ−BMS4 algebra.
When the transverse metric qAB is equal to the unit round sphere metric q˚AB,
the Λ−BMS4 algebra contains the SO(3, 2) algebra for Λ < 0 and the SO(1, 4)
algebra for Λ > 0. For the interested reader, we review the explicit expressions of
the SO(3, 2) Killing vectors of AdS4 in Appendix A.
5 New boundary conditions for AdS4
In this section, we derive new boundary conditions for asymptotically locally AdS4
spacetimes that admit the Schwarzschild-AdS black hole and stationary rotating
solutions distinct from the Kerr-AdS black hole. The asymptotic symmetry group
is shown to consist of time translations and area-preserving diffeomorphisms.
5.1 Definition
In the case of locally asymptotically AdS spacetimes, a boundary condition is re-
quired at the spatial boundary I as part of the definition of the dynamics [40].
Such a boundary condition amounts to require that the symplectic flux (3.20) at
spatial infinity is identically zero.
In the literature, both Dirichlet and Neumann boundary conditions have been
studied. On the one hand, Dirichlet boundary conditions [41] amount to freeze the
components of the boundary metric g
(0)
ab to the ones of the unit cylinder while leaving
the holographic stress-tensor T ab free. The resulting asymptotic symmetry group
is the group of exact symmetries of AdS4, namely SO(3, 2). On the other hand,
Neumann boundary conditions [38] freeze the components of T ab while leaving the
boundary metric g
(0)
ab free. The resulting asymptotic symmetry group is empty: all
residual gauge transformations have vanishing charges.
We now present new mixed Dirichlet-Neumann boundary conditions. We first
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impose the boundary gauge fixing (3.12). This is a Dirichlet boundary condition on
part of the boundary metric which is reachable locally by a choice of gauge6. The
symplectic flux at the spatial boundary is then given by (3.21). We now further
impose the Neumann boundary conditions
JAB = 0. (5.1)
This cancels the symplectic flux, as required. The boundary condition (5.1) restricts
the phase space of solutions. For definiteness, we will further choose the area form
of the transverse space q¯ to be t-independent, which implies l = ∂u ln
√
q¯ = 0.
5.2 Asymptotic symmetry algebra
Let us now derive the asymptotic symmetries preserving the boundary conditions
and derive the associated charge algebra.
The boundary gauge fixing (3.12) is preserved by the Λ−BMS4 group of residual
gauge transformations as derived in Section 4. We will now show that the boundary
condition 5.1 further reduces the Λ−BMS4 group to the direct product R×A where
R are the time translations and A is the group of 2-dimensional area-preserving
diffeomorphisms. We will show that the charges associated to this asymptotic sym-
metry group are finite, integrable, conserved and generically non-vanishing on the
phase space.
The variation of JAB is given by
δξJAB = (ξ
t
0∂t +LξC0 + σ)JAB −
4
3
[
N(A∂B)ξ
t
0 −
1
2
NC∂
Cξt0qAB
]
(3.11)
=
[
ξt0∂t +LξC0 +
1
2
DAξ
A
0
]
JAB − 4
3
[
N(A∂B)ξ
t
0 −
1
2
NC∂
Cξt0qAB
]
.
(5.2)
We recall that DA is the covariant derivative with respect to the transverse metric
g
(0)
AB = qAB. Imposing δξJAB = 0 leads to the following constraint on the residual
gauge diffeomorphisms given in equation (3.4):
∂Aξ
t
0 = 0. (5.3)
6Note that a diversity of boundary conditions reachable by a choice of gauge exist in asymp-
totically AdS3 spacetimes, see [54–60].
24
Therefore, the asymptotic symmetry generators satisfy the relations
∂tξ
t
0 =
1
2
DAξ
A
0 , ∂tξ
A
0 = 0. (5.4)
The second equation implies ξA0 = V
A(xB), while the first gives
ξt0 = T +
t
2
DAV
A (5.5)
where T is a constant. From (5.3), DAV
A = c where c is a constant. Using
Helmholtz’s theorem, the vector V A can be decomposed into a divergence-free and
a curl-free part as V A = ǫAB∂BΦ + q
AB∂BΨ where Ψ and Φ are functions of x
C .
Re-injecting this expression for V A into this equation gives DAD
AΨ = c. This equa-
tion admits a solution if and only if c = 0 which is given by Ψ = 0. Therefore, the
asymptotic symmetry generators are given by
ξt0 = T, ξ
A
0 = ǫ
AB∂BΦ(x
C) (5.6)
where T is a constant and Φ(xC) is arbitrary. Writing ξ¯ = ξ¯a∂a = T∂t+ ǫ
AB∂BΦ∂A,
we have [ξ¯1, ξ¯2] =
ˆ¯ξ where
Tˆ = 0, Φˆ = ǫAB∂AΦ2∂BΦ1. (5.7)
Hence, after imposing the boundary condition (5.1), the Λ−BMS4 algebra reduces
to the R ⊕A algebra where R denotes the abelian time translations and A is the
algebra of 2-dimensional area-preserving diffeomorphisms. The latter symmetries
are an infinite-dimensional extension of the SO(3) rotations.
Let us now obtain the associated charges. The fluctuations of the boundary
metric components qAB require a renormalization of the bulk Einstein action which
is given by (3.18). Indeed, the variation of the renormalized action is
δS =
1
2
∫
I
d3x
√−g(0) T abδg(0)ab = 332πGℓ2
∫
I
d3x
√
|q¯| JABδqAB = 0. (5.8)
The boundary Einstein action (with opposite sign with respect to the bulk action)
gives a contribution to the symplectic structure given in (3.19). It also gives a
contribution to the infinitesimal surface charges, as studied in [38]. The infinitesimal
generators have a vanishing Weyl transformation, σ = 0 (4.4), as a consequence of
l = 0 and DAξ
A
0 = 0. For any residual gauge transformation which consists of
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an arbitrary boundary diffeomorphism ξ¯a and vanishing Weyl transformation, the
variation of the renormalized charges are finite and given by [38]
∮
S∞
δ/Qξ[g, δg] = δ
∮
S∞
d2Ω (
√−g(0) Tabna[g(0)]ξ¯b)−
∮
S∞
iξ¯Θ
(0) (5.9)
where S∞ is a 2-surface which is a section of the boundary space-time, n
a is the
unit normal vector of S∞ at the boundary and Θ
(0) = 1
2
√−g(0) T abδg(0)ab d3x. After
imposing the boundary gauge fixing (3.12) and the boundary condition (5.1), the
last term in (5.9) vanishes. As a result, the charges are integrable. The integrated
charges reduce to
∮
S∞
Qξ(T,Φ)[g] =
∮
S∞
d2Ω
√
q¯ [T tt T + T
t
Aǫ
AB∂BΦ]. (5.10)
From this expression, we see that the charges associated to the symmetry R ⊕A
are generically non-vanishing. Taking T = 1 gives the energy. The first harmonic
modes of Φ give the angular momenta, while the higher modes give an infinite tower
of charges. Using the (5.7) and (3.14), a simple computation shows that the charges
(5.10) satisfy the algebra
−δξ(T1,Φ1)Qξ(T2,Φ2) = Qξ(Tˆ ,Φˆ). (5.11)
The charges form a representation of R⊕A without central extension.
5.3 Stationary solutions
Let us now study the stationary sector of the phase space associated with the bound-
ary conditions. The AdS4-Schwarzschild solution is included in the phase space.
Indeed, AdS4-Schwarzschild can be set in Fefferman-Graham gauge, which allows to
identify qAB = q˚AB the unit metric on the sphere, as well as T
t
t =
M
4πG
, TtA = 0 and
TAB = 0, which finally implies JAB = 0.
The boundary metric and holographic stress-tensor of Kerr-AdS4 are given in
the conformally flat frame by [61–63]
g
(0)
ab dx
adxb = −ℓ−2dt2 + dθ2 + sin2 θdφ2, (5.12)
T ab = T abKerr ≡ −
mγ3ℓ
8π
(3uaub + gab(0)), (5.13)
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where Ξ = 1− a2ℓ−2 and
ua∂a = γℓ(∂t +
a
ℓ2
∂φ), γ
−1 ≡
√
1− a
2
ℓ2
sin2 θ. (5.14)
The mass and angular momentum are M =
∫ √
q¯ T tt =
m
Ξ2
, J = Ma = − ∫ √q¯ T tφ =
ma
Ξ2
. We observe that JAB 6= 0. Therefore, the Kerr-AdS4 solution is not included in
the phase space. However, it is possible to obtain a stationary axisymmetric solution
with JAB = 0 as follows. The most general diagonal traceless and divergence free
stationary T ab is given by
T ttcorr = ℓ
2[2T θθ(θ) + tan θ T θθ
′
(θ)], T θθcorr = T
θθ(θ),
T φφcorr =
1
sin2(θ)
[T θθ(θ) + tan θ T θθ
′
(θ)]
(5.15)
and the other components are set to zero. We consider the sum of TKerr + Tcorr. We
solve for T θθ(θ) to set JAB = 0. The regular solution at I is unique and given by
T tt = −mℓ
3
4π
, T tφ = −3amℓγ
5
8π
, TAB = −mℓ
8π
qAB. (5.16)
The mass and angular momentum areM =
∫ √−g(0) T tt = m, J = − ∫ √−g(0) T tφ =
ma
Ξ2
. It would be interesting to know whether this solution is regular in the bulk of
spacetime.
From the conservation of the stress-energy tensor T ab given by the first equation
of (3.7), the most general stationary solution with flat boundary metric (5.12) is
only constrained by the following conditions:
DAN
A = 0⇔ NA = ǫABDBα(xC), ∂AM = 0. (5.17)
Therefore, even for stationary solutions, we see that the charges associated with the
area-preserving diffeomorphisms are generically non-vanishing. It would be interest-
ing to study the regularity of the general solutions (5.17) in the bulk of spacetime.
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A Killing vectors of AdS4
AdS4 is isometrically immersed into R
(2,3) as the hypersurface
{Xµ ∈ R(2,3)| −X20 −X20¯ +X21 +X22 +X23 = −ℓ2}. (A.1)
The symmetry group of AdS4 is the homogeneous part of ISO(2, 3), the isometry
group of R(2,3), which is SO(2, 3). The generators of SO(2, 3) algebra
Jab = J[ab] = Xb∂a −Xa∂b (A.2)
directly lead to the Killing vectors of AdS4 after pullback.
In retarded coordinates (u, r, xA), the AdS4 line element takes the form
ds2 = −
(r2
ℓ2
+ 1
)
du2 − 2dudr + r2q˚ABdxAdxB, (A.3)
where we take xA = (z, z¯) as the stereographic coordinates on the two sphere of unit
round metric q˚AB. The Minkowski metric in retarded coordinates is recovered in the
flat limit ℓ→∞. In these coordinates, the Killing vectors are given by
Juab = f, J
r
ab = −
r
2
DAJ
A
ab, J
A
ab = Y
A − 1
r
∂Af (A.4)
where DA is the covariant derivative on the sphere and the functions f, Y
A are
constrained as
∂uf =
1
2
DAY
A , ∂uY
A =
1
ℓ2
∂Af , 2D(AYB) − qABDCY C = 0. (A.5)
Explicitly, the Killing vectors are given by
1. Rotations:
J12 = [0, 0,−iz,−iz¯] = ∂φ,
J13 = [0, 0,
1
2
(−1− z2), 1
2
(−1 − z¯2)],
J23 = [0, 0,
1
2
i(−1 + z2), 1
2
i(−1 + z¯2)];
(A.6)
2. Time translation: J00¯ = ∂u;
3. Boosts on the first timelike coordinate: with the shorthand notationM(u
ℓ
, r) ≡
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r cos(u/ℓ) + ℓ sin(u/ℓ), we have
J01 =
[(z + z¯)ℓ sin(u
ℓ
)
1 + zz¯
,−(z + z¯)M(
u
ℓ
, r)
(1 + zz¯)
,
(−1 + z2)M(u
ℓ
, r)
2r
,−(−1 + z¯
2)M(u
ℓ
, r)
2r
]
,
J02 =
[
− (z − z¯)ℓ sin(
u
ℓ
)
1 + zz¯
,
i(z − z¯)M(u
ℓ
, r)
(1 + zz¯)
,−i(1 + z
2)M(u
ℓ
, r)
2r
,
i(1 + z¯2)M(u
ℓ
, r)
2r
]
,
J03 =
[(−1 + zz¯)ℓ sin(u
ℓ
)
1 + zz¯
,
(−1 + zz¯)M(u
ℓ
, r)
(1 + zz¯)
,−zM(
u
ℓ
, r)
r
,− z¯M(
u
ℓ
, r)
r
]
;
(A.7)
4. Boosts on the second timelike coordinate: by virtue of the SO(2, 3) algebra,
J0¯i = −[J00¯,J0i] = −∂uJ0i. (A.8)
The 4 first vectors are Killing symmetries of the cylindric boundary (manifest in
Fefferman-Graham gauge), and the 6 other vectors are conformal Killing symmetries
of that same boundary.
The Lorentz algebra can be explicitly checked for the rotations Vi = ǫijkJjk
together with either set of boosts Ki = J0i or ℓJ0¯i:
[Vi, Vj] = ǫijkVk , [Ki, Kj] = −ǫijkVk , [Vi, Kj] = ǫijkKk. (A.9)
In the flat limit, time translations and rotations are trivial. The boosts J0i
become the Lorentz boosts
J01 →
[u(z + z¯)
1 + zz¯
,−(r + u)(z + z¯)
1 + zz¯
,
(r + u)(−1 + z2)
2r
,
(r + u)(−1 + z¯2)
2r
]
,
J02 →
[
− iu(z − z¯)
1 + zz¯
, i
(r + u)(z − z¯)
1 + zz¯
,−i(r + u)(1 + z
2)
2r
, i
(r + u)(1 + z¯2)
2r
]
,
J03 →
[u(−1 + zz¯)
1 + zz¯
,−(r + u)(−1 + zz¯)
1 + zz¯
,−(r + u)z
r
,−(r + u)z¯
r
]
,
(A.10)
and the boosts J0¯i become the spatial translations
J0¯1 →
[ z + z¯
1 + zz¯
,− z + z¯
1 + zz¯
,
−1 + z2
2r
,
−1 + z¯2
2r
]
,
J0¯2 →
[
− i z − z¯
1 + zz¯
, i
z − z¯
1 + zz¯
,−i1 + z
2
2r
, i
1 + z¯2
2r
]
,
J0¯3 →
[
− 1− zz¯
1 + zz¯
,
1− zz¯
1 + zz¯
,−z
r
,− z¯
r
]
.
(A.11)
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B Map from Bondi to Fefferman-Graham gauge
In this section, we find the explicit change of coordinates that maps a general vacuum
asymptotically locally (A)dS4 spacetime (Λ 6= 0) in Bondi gauge to Fefferman-
Graham gauge. This procedure will lead to the explicitly map between the free
functions defined in Bondi gauge {qAB, β0, UA0 ,EAB,M,NA} and the holographic
functions defined in Fefferman-Graham gauge, namely the boundary metric g
(0)
ab and
the boundary stress-tensor g
(3)
ab .
We follow and further develop the procedure introduced in [18]. We first note
that one can map the AdS4 vacuum metric in retarded coordinates (A.3) to the
global patch
ds2 = −
(r2
ℓ2
+ 1
)
dt2 +
(r2
ℓ2
+ 1
)−1
dr2 + r2q˚ABdx
AdxB (B.1)
by using u = t − r⋆ where the tortoise coordinate is r⋆ ≡ ℓ[arctan
(
r
ℓ
) − π
2
], which
maps r = ∞ to r⋆ = 0. The change of coordinates from (t, r⋆, xA) to Fefferman-
Graham gauge (t, ρ, xA) can then be performed perturbatively in series of ρ around
ρ = 0, identified with r⋆ = 0.
The general algorithm is then the following:
1. Starting from any asymptotically locally AdS4 solution formulated in Bondi
gauge (u, r, xA), we perform the preliminary change to the tortoise radial co-
ordinate,
u→ t− r⋆, xA → xA,
r → ℓ tan
[r⋆
ℓ
+
π
2
]
= −ℓ
2
r⋆
+
r⋆
3
+
r3⋆
45ℓ2
+O(r−5⋆ ).
(B.2)
2. We reach the Fefferman-Graham gauge at order N ≥ 0 perturbatively,
gρρ = − 3
Λ
1
ρ2
(
1 +O(ρN+1)
)
, gρt =
1
ρ2
O(ρN+1), gρA =
1
ρ2
O(ρN+1), (B.3)
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thanks to a second change of coordinates,
r⋆ →
N+1∑
n=1
Rn(t, x
A)ρn,
t→ t +
N+1∑
n=1
Tn(t, x
A)ρn,
xA → xA +
N+1∑
n=1
XAn (t, x
B)ρn.
(B.4)
In order to obtain all the free functions in γab, we need to proceed up to order
N = 3. For each n, each gauge condition (B.3) can be solved separately and will
determine algebraically Rn, Tn and X
A
n respectively. Only the function R1(t, x
A)
remains unconstrained by these conditions, since it represents a Weyl transforma-
tion on the boundary metric that is allowed within Fefferman-Graham gauge. This
Weyl transformation is constrained by the choice of luminosity distance r in Bondi
coordinates which ensures g
(0)
AB = qAB.
To improve compactness of the expressions, we use the following shorthand no-
tations for subleading fields in Bondi gauge:
V
r
=
Λ
3
r2 + V(1)(t, x
A)r + V(0)(t, x
A) +
2M
r
+O(r−2),
UA = r2
[
UA0 +
1
r
UA(1)(t, x
B) +
1
r2
UA(2)(t, x
B) +
1
r3
UA(3)(t, x
B) +O(r−4)
]
,
(B.5)
whose explicit on-shell values can be read off in (2.28) and (2.25). All the fields
are now evaluated on (t, xA) since the time coordinate on the boundary can be
defined as t as well as u. We also define some recurrent structures appearing in the
diffeomorphism as differential operators on boundary fields f(t, xA):
P [f ] =
1
2
e−4β0(∂tf + U
A
0 ∂Af),
Q[f ; g] = P [f ]− 2P [g]f,
BA[f ] =
1
2
e−2β0(∂A − 2∂Aβ0)f.
(B.6)
P n[f ] denotes n applications of P on f , for example P 2[f ] ≡ P [P [f ]]. Now we can
write down the perturbative change of coordinate to Fefferman-Graham gauge:
R1(t, x
A) = − 3
Λ
,
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R2(t, x
A) =
9
2Λ2
e−2β0V(1),
R3(t, x
A) = − 3
64Λ
CABC
AB − 3
Λ2
[
1 +
3
4
e−2β0V(0)
]
+
27
2Λ3
[
Q[V(1); β0]− 3
8
e−4β0V 2(1)
]
,
R4(t, x
A) =
3
Λ2
e−2β0
[
M +
5
64
V(1)C
A
BC
B
A −
1
16
e4β0P [CABC
B
A ]
]
− 9
Λ3
[
Q[V(0); β0] +
1
4
e−4β0 [UA(1)∂AV(1) − 2V(1)UA(1)∂Aβ0 − 3V(1)(2e2β0 + V(0))]
]
+
27
Λ4
e2β0
[
P 2[V(1)]− 2V(1)(P 2[β0] + 1
2
e−4β0Q[V(1); β0]− 3
32
e−8β0V 2(1))− 2P [β0]P [V(1)]
]
,
T1(t, x
A) = (1− e−2β0)R1(t, xA),
T2(t, x
A) = (1− e−2β0)R2(t, xA)− 18
Λ2
(P [β0]− 1
4
e−4β0V(1)),
T3(t, x
A) = (1− e−2β0)R3(t, xA)− 3
Λ2
e−2β0(1 + e−2β0V(0) − 2∂Aβ0∂Aβ0)
+
9
Λ3
e−2β0
[
Q[V(1); β0]− 4e4β0P 2[β0]− 1
2
e−4β0V 2(1)
]
,
T4(t, x
A) = (1− e−2β0)R4(t, xA)
+
9
2Λ2
[
e−4β0(M − 1
3
UA(2)∂Aβ0 +
1
32
CABC
B
AV(1))
+
1
64
(P [CABC
B
A ]− 8CABCBAP [β0])
]
+
9
Λ3
[
e−2β0(P [UA(1)]∂Aβ0 +
3
2
UA(1)∂AP [β0] + P [β0]V(0) −
9
8
Q[V(0); β0])
+
3
2
e−4β0V(1)(1 +
1
2
e−2β0V(0))
− e−4β0(V(1)∂Aβ0∂Aβ0 − 1
4
∂AV(1)∂Aβ0 + ∂
Bβ0∂BU
A
0 ∂Aβ0)
]
+
81
Λ4
{
− 2
3
e4β0P 3[β0]− 4
3
(e4β0P [β0] +
3
8
V(1))P
2[β0]
+
[
(
13
24
e−4β0V(1) − 4
3
P [β0])V(1) − 5
6
P [V(1)]
]
P [β0]
+
1
4
P 2[V(1)] + (P [β0]− 5
16
e−4β0V(1))P [V(1)] +
1
16
e−8β0V 3(1)
}
,
XA1 (t, x
B) = (T1 − R1)UA0 ,
XA2 (t, x
B) = (T2 − R2)UA0 −
3
2Λ
e−2β0UA(1) +
9
Λ2
P [UA0 ],
XA3 (t, x
B) = (T3 − R3)UA0 +
1
Λ
e−2β0UA(2)
− 6
Λ2
[
Q[UA(1); β0] +
1
4
e−2β0(∂AV(1) + 4V(1)∂
Aβ0 + 2∂
Bβ0∂BU
A
0 )
]
32
+
18
Λ3
e2β0
[
P 2[UA0 ]− 2P [β0]P [UA0 ]
]
,
XA4 (t, x
B) = (T4 − R4)UA0 −
3
4Λ
e−2β0
[
UA(3) −
1
32
BA[CBCC
BC ]
]
+
9
2Λ2
[
Q[UA(2); β0]−
1
2
e−4β0(V(1)U
A
(2) −
1
3
UB(2)∂BU
A
(0)) +
1
16
CBCC
BCP [UA0 ]
+
1
4
BA[V(0)] + C
ACBC [V(1)] +
1
2
e−2β0UC(1)BC [U
A
(1)]
]
− 27
Λ3
{1
2
e2β0P 2[UA(1)] +
1
6
e−2β0P [UB(1)]∂BU
A
0 − e2β0(P [β0]−
1
4
e−4β0V(1))P [U
A
(1)]
− 1
2
e−2β0(2e4β0P 2[β0] +
1
2
P [V(1)]− 2V(1)P [β0]− 1
8
e−4β0V 2(1))U
A
(1)
+
1
4
e−2β0UB(1)P [∂BU
A
0 ] +
1
6
e−2β0(V(0) − 4UB(1)∂Bβ0)P [UA0 ]
+
1
8
qAB(P [∂BV(1)]− 2V(1)∂BP [β0])− 5
6
e−2β0UB(1)∂BU
A
0 (P [β0] +
1
20
e−4β0V(1))
− 1
4
P [β0](∂
AV(1) + 4V(1)∂
Aβ0) +
1
24
e−6β0UC(1)∂CU
B
0 ∂BU
A
0 +
3
16
e−4β0V 2(1)∂
Aβ0
+
1
32
e−4β0(V(1)δ
A
B −
2
3
∂BU
A
0 )(∂
BV(1) − 8V(1)∂Bβ0)
}
.
+
81
Λ4
{1
3
e4β0P 3[UA0 ] +
[1
4
e−4β0V 2(1) −
1
3
Q[V(1); β0]− 4
3
e4β0(P 2[β0] + P [β0]
2)
]
P [UA0 ]
}
.
Several consistency checks can be performed at each stage of the computation.
The boundary metric in Fefferman-Graham gauge must be equivalent to the pull-
backed metric on the hypersurface {r → ∞} in Bondi gauge, up to the usual re-
placement u→ t:
g
(0)
ab =


Λ
3
e4β0 + UC0 U
0
C −UB
−UA qAB

 . (B.7)
At subleading orders, g
(1)
ab and g
(2)
ab must be algebraically determined by g
(0)
ab and its
first and second derivatives, what it turns out to be the case. The constraint (2.29)
forces g
(1)
ab = 0 while the annulation of DAB(t, x
C) (2.30) results in
g
(2)
ab =
3
Λ
[
R
(0)
ab −
1
4
R(0)g
(0)
ab
]
. (B.8)
We will not give the full general form of g
(3)
ab , but it can be proven that this tensor is
traceless with respect to g
(0)
ab , and that the equations of motion in Bondi gauge are
necessary and sufficient to show its conservation D
(0)
a gab(3) = 0, as we argued in the
main text.
After boundary gauge fixing β0 = 0, U
A
0 = 0, the expressions of each coefficient
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in the diffeomorphism simplify drastically:
R1(t, x
A) = − 3
Λ
,
R2(t, x
A) =
9
2Λ2
V(1),
R3(t, x
A) = − 3
64Λ
CABC
AB − 3
Λ2
[
1 +
3
4
V(0)
]
+
27
2Λ3
[1
2
∂tV(1) − 3
8
V 2(1)
]
,
R4(t, x
A) =
3
Λ2
[
M +
5
64
V(1)C
A
BC
B
A −
1
32
∂t(C
A
BC
B
A )
]
− 9
Λ3
[1
2
∂tV(0) − 3
4
V(1)(2 + V(0))
]
+
27
Λ4
[1
4
∂2t [V(1)]−
1
4
∂tV
2
(1) +
6
32
V 3(1)
]
.
T1(t, x
A) = 0,
T2(t, x
A) =
9
2Λ2
V(1),
T3(t, x
A) = − 3
Λ2
(1 + V(0)) +
9
2Λ3
[
∂tV(1) − V 2(1)
]
,
T4(t, x
A) =
9
2Λ2
[
(M +
1
32
CABC
B
AV(1)) +
1
128
∂t(C
A
BC
B
A )
]
+
9
Λ3
[
− 9
16
∂tV(0) +
3
2
V(1)(1 +
1
2
V(0))
]
+
81
Λ4
[ 1
16
∂2t V(1) −
5
64
∂tV
2
(1) +
1
16
V 3(1)
]
.
XA1 (t, x
B) = XA2 (t, x
B) = 0,
XA3 (t, x
B) =
1
Λ
UA(2) −
3
2Λ2
∂AV(1),
XA4 (t, x
B) = − 3
4Λ
[
UA(3) −
1
64
∂A(CBCC
BC)
]
+
9
2Λ2
[1
2
∂tU
A
(2) −
1
2
(V(1)U
A
(2)) +
1
8
∂AV(0) +
1
2
CAC∂CV(1)]
]
− 27
16Λ3
[
qAB(∂t∂BV(1) +
1
2
V(1)∂BV(1))
]
.
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